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The gap junction protein connexin43 interacts with the second
PDZ domain of the zona occludens-1 protein
Ben N.G. Giepmans and Wouter H. Moolenaar
Gap junctions mediate cell–cell communication in
almost all tissues and are composed of channel-
forming integral membrane proteins, termed connexins
[1–3]. Connexin43 (Cx43) is the most widely expressed
and the most well-studied member of this family. Cx43-
based cell–cell communication is regulated by growth
factors and oncogenes [3–5], although the underlying
mechanisms are poorly understood as cellular proteins
that interact with connexins have yet to be identified.
The carboxy-terminal cytosolic domain of Cx43 contains
several phosphorylation sites and potential signalling
motifs. We have used a yeast two-hybrid protein
interaction screen to identify proteins that bind to the
carboxy-terminal tail of Cx43 and thereby isolated the
zona occludens-1 (ZO-1) protein. ZO-1 is a 220 kDa
peripheral membrane protein containing multiple
protein interaction domains including three PDZ
domains and a Src homology 3 (SH3) domain [6–9]. The
interaction of Cx43 with ZO-1 occurred through the
extreme carboxyl terminus of Cx43 and the second PDZ
domain of ZO-1. Cx43 associated with ZO-1 in Cx43-
transfected COS7 cells, as well as endogenously in
normal Rat-1 fibroblasts and mink lung epithelial cells.
Confocal microscopy revealed that endogenous Cx43
and ZO-1 colocalised at gap junctions. We suggest that
ZO-1 serves to recruit signalling proteins into Cx43-
based gap junctions.
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Results and discussion
We sought to identify cellular proteins that interact with
Cx43 by using the yeast two-hybrid interaction screen. We
used the entire carboxy-terminal cytosolic domain of Cx43
as a ‘bait’ in the screen (Figure 1a), as this domain is
thought to be responsible for the key regulatory functions
of the protein [3–5]. Of three positive clones isolated from
a human testis cDNA library, two encoded an open
reading frame corresponding to amino acid residues
150–312 of the ZO-1 protein, a 220 kDa peripheral mem-
brane component of tight junctions and adherens junc-
tions [6–9], which contains multiple protein interaction
domains (Figure 1b). The ‘prey’ sequence harboured the
second PDZ domain of ZO-1 (Figure 1b). PDZ domains
bind carboxy-terminal sequences of target proteins at the
plasma membrane, such as receptors and ion channels
[10–13], and are involved in signal transduction. Binding
partners for any of the ZO-1 PDZ domains have not previ-
ously been identified, however. 
To examine whether full-length Cx43 and ZO-1 interact
in mammalian cells, COS7 cells were transfected with
Cx43 cDNA and anti-ZO-1 immunoprecipitates were
analysed for the presence of Cx43. As shown in lane 3 of
Figure 2a, wild-type Cx43 coimmunoprecipitated with
endogenous ZO-1. When a Myc epitope tag was added to
the carboxyl terminus of Cx43, however, association with
ZO-1 was no longer detectable (Figure 2a, lane 3). This
suggests that the interaction of Cx43 with ZO-1 requires
the native carboxyl terminus of Cx43 and is consistent
with the notion that PDZ domains bind to the last three or
four carboxy-terminal amino acids of their binding part-
ners [10–13], with the most terminal residue being
Figure 1
Schematic representation of (a) Cx43 and (b) ZO-1. Consensus
protein domains and regions with putative signalling functions are
indicated. Abbreviations in Cx43: TM1–4, transmembrane domains
1–4; Y265, Src phosphorylation site; PP, proline-rich sequence that
binds the SH3 domain of v-Src [4]; DDLEI, carboxy-terminal sequence
involved in ZO-1 binding. For ZO-1, the three PDZ domains and one
SH3 domain are indicated. Abbreviations in ZO-1: GUK, guanylate
kinase homology domain; α, alternative splicing region; PP, proline-rich
domain. Note that the prey sequence contains the entire PDZ2 domain
and flanking sequences.
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hydrophobic (the PDZ-binding consensus motif in single-
letter amino acid code is G/X–D/E/S/T–X–V/I/L) [10,13].
Addition of the Myc tag altered the native Cx43 carboxyl
terminus (sequence DLEI) and thereby prevented recog-
nition of the PDZ domain and association with ZO-1
(Figure 2a, compare lane 3 with lane 2). To further sub-
stantiate this notion, we engineered a mutant Cx43
protein that lacked the isoleucine residue at the terminal
position. We then transfected the cDNA encoding this
protein into COS7 cells and performed coimmunoprecipita-
tion experiments. As shown in Figure 2b, this mutant
version of Cx43 no longer associates with endogenous ZO-1.
We conclude that Cx43 binds to the second PDZ domain
of ZO-1 via its most carboxy-terminal amino acids. 
Next, we examined the interaction between Cx43 and
ZO-1 under more physiological conditions. We immuno-
precipitated endogenous ZO-1 and Cx43 from Rat-1
fibroblasts and tested the resulting immune complexes for
the presence of Cx43 and ZO-1, respectively. As shown in
lane 3 of Figure 3a, endogenous Cx43 is coprecipitated
with ZO-1 from Rat-1 cells. The fact that ZO-1 was not
detectable in Cx43 immunoprecipitates (Figure 3a, lane 5)
is probably due to steric hindrance by the Cx43 antibody,
the epitope of which is located in the carboxyl terminus.
Interaction between Cx43 and ZO-1 was not restricted to
fibroblasts but was also detectable in mink lung epithelial
cells (Mv1Lu; Figure 3b). Finally, we examined the sub-
cellular localization of Cx43 and ZO-1 in Rat-1 cells using
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Figure 2
Association of Cx43 with ZO-1 depends on
the integrity of the Cx43 carboxyl terminus.
COS7 cells were transfected with empty
vector or with the indicated Cx43 cDNAs
encoding wild-type Cx43 (WT), carboxy-
terminally Myc-tagged Cx43 (tag) and Cx43
lacking the carboxy-terminal isoleucine residue
(∆). The total lysate and the
immunoprecipitates (IP) of endogenous ZO-1
from these cells were analysed by western
blotting using anti-ZO-1 or anti-Cx43
antibodies. Molecular weights are in kDa. 
(a) Wild-type Cx43 coimmunoprecipitated
with endogenous ZO-1 (compare lane 2 with
the empty vector control in lane 1). When the
carboxyl terminus was modified by adding a
Myc epitope tag, the association was
abolished (compare lane 3 with lane 2). 
(b) Wild-type Cx43 coprecipitated with ZO-1,
whereas the Cx43 deletion mutant that lacks
the carboxy-terminal isoleucine failed to
coprecipitate (compare lane 2 with lane 3).
The position of the contaminating 
immuno-globulin G (IgG) from the immuno-
precipitation procedure is indicated to the
right of the blots.
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Figure 3
Association between endogenous Cx43 and
ZO-1 in (a) Rat-1 fibroblasts and (b) Mv1Lu
mink lung epithelial cells. (a) ZO-1 and Cx43
were immunoprecipitated from Rat-1 cells,
and subjected to western blotting using
antibodies for ZO-1 (upper panel) and Cx43
(lower panel). Control samples (C) that were
precleared with normal rabbit serum and
normal mouse serum are shown in lanes 2
and 4, respectively. A shorter exposure of the
Cx43 immunoprecipitation (IP) is shown
compared with the ZO-1 immunoprecipitation.
Both non-phosphorylated and phosphorylated
forms of Cx43 are detected in the ZO-1
immunoprecipitate (lane 3); the
phosphorylated form migrates more slowly
[3–5]. (b) ZO-1 was immunoprecipitated from
mink lung epithelial cells. The upper panel
shows the presence of ZO-1 in the anti-ZO-1
immunoprecipitate. The lower panel shows
the coimmunoprecipitation of Cx43 with ZO-1
(lane 2). Lane 3 represents a control sample
(C) precleared with rabbit anti-mouse
immunoglobulin.
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confocal microscopy. As expected, ZO-1 colocalised with
Cx43-based gap junctions (Figure 4). Cx43 staining in
Rat-1 cells shows the punctate pattern that is characteris-
tic of gap junctions [2,3,5]. We note that ZO-1 is detected
not only in Cx43-based gap junctions but also at other
sites of cell–cell contact, presumably representing
adherens junctions [8] (Figure 4). The protein occludin,
which is expressed specifically in tight junctions [14], was
not detectable in Rat-1 cells (data not shown), consistent
with fibroblasts lacking tight junctions. It is noteworthy
that a recent study [15] showed colocalisation of Cx43 and
ZO-1 in thyroid epithelial cells; this was taken as evidence
that Cx43 is precisely located within tight junctions rather
than that there is a separate pool of ZO-1 associated with
gap junctions. Furthermore, after completion of our
studies, Toyofuku and colleagues [16] reported that the
carboxy-terminal domain of Cx43 interacts with the
amino-terminal domain of ZO-1 in cardiac myocytes.
What may be the functional consequences of the interac-
tion of Cx43 with ZO-1? PDZ domain proteins have been
implicated in the clustering of transmembrane ion chan-
nels and in connecting intracellular signalling pathways
[10–12]. It seems unlikely that ZO-1 is involved in the
clustering and assembly of Cx43-based gap junctional
channels, as mutagenesis studies indicate that the integrity
of the carboxy-terminal tail of Cx43, and hence ZO-1
binding, is not required for intercellular channel formation
[2]. Furthermore, the carboxyl terminus is not conserved
among members of the connexin family [1], suggesting
that ZO-1 association might well be specific for the Cx43
isoform. A typical example of PDZ domains that are
involved in signalling is provided by the multivalent PDZ
domain protein InaD in Drosophila photoreceptor cells
[17]. InaD serves as a scaffold for a signalling complex in
which each PDZ domain of InaD binds to a different sig-
nalling component — phospholipase C, protein kinase C
and a Ca2+ channel — which function downstream of the
rhodopsin G-protein-coupled receptor [12,17]. 
On the basis of our current knowledge about the regula-
tion of Cx43 and the function of PDZ domains, we
propose that ZO-1 serves a role in recruiting as yet
unidentified signalling proteins into Cx43-based gap junc-
tions. Some PDZ domain proteins can interact with G-
protein-coupled receptors [18,19]. The possibility that
Cx43-associated ZO-1 might interact with such receptors
(through its PDZ1 and/or PDZ3 domain) is particularly
intriguing given our recent finding that certain G-protein-
coupled receptors mediate acute inhibition of Cx43-based
junctional communication [5]. Regulation of this Cx43-
based junctional communication by receptors and onco-
genes involves phosphorylation of the Cx43
carboxy-terminal tail on tyrosine and serine residues [3–5].
In this respect it is noteworthy that the SH3 domain of
ZO-1 binds to a serine protein kinase of unknown identity
[20]. One challenge for future studies is to examine
whether this ZO-1-associated kinase may phosphorylate
Cx43 and thereby regulate gap-junctional communication.
Materials and methods
Plasmid construction
For pMD4Cx43CT, the rat Cx43 carboxy-terminal tail corresponding to
the region from nucleotide 883 (primer: 5′-GGGGTCGACCTCTTC-
TACGTCTTCTTCAAA) to the stop codon (5′-GGCGAATTCT-
TAAATCTCCAGGTCATCAGG) was amplified from pSG5 containing
the entire Cx43 cDNA, cut with SalI and EcoRI and ligated in frame with
the GAL4 DNA-binding domain of the two-hybrid vector pMD4 [21]. For
pCDNA3wtCx43, the rat cDNA for Cx43 was excised from pSG5Cx43
with EcoRI and ligated into pCDNA3. For pCDNA3Cx43Myc, the rat
cDNA for Cx43 was amplified by PCR from pSG5Cx43. The 5′ primer
was the T7 primer and the 3′ primer (5′-GGGGCGGCCGC-
CAATCTCCAGGTCATCAG) produced a NotI site directly 3′ to the
most 3′ Cx43 isoleucine codon. This PCR fragment was ligated into
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Figure 4
Colocalisation of endogenous Cx43 (green)
and ZO-1 (red) in Rat-1 cells, as represented
by the yellow regions in the merged image.
Results from two different analyses are
shown, with the lower panels representing
only part of a cell as visualised using higher
magnification to reveal punctate staining. Note
that ZO-1 is localised to gap-junctional
plaques (typical punctate staining) and is also
found at other regions of cell–cell contact
where Cx43 is not detected. Note the location
of both ZO-1 and Cx43 at regions of cell–cell
contact (more evident in the upper panels).
Cx43 ZO-1
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pCDNA3Myc digested with EcoRI and NotI. The pCDNA3Cx43D382
plasmid was derived from pCDNA3Cx43D263Myc, which was con-
structed as follows: 3′ Cx43 was amplified with the T7 primer and a 3′
primer (5′-GGGGCGGCCGCCGGATCCGCAGTCTTTTGA) created
a BamHI site in the wild-type Cx43. The PCR product was ligated into
pCDNA3Myc digested with EcoRI and BamHI. The terminal isoleucine
codon of Cx43 was replaced by a stop codon (5′ primer: 5′-GGG-
GGATCCCCAAAATACGCCTACTTC; 3′ primer: 5′-GGGGGGCCCT-
TACTCCAGGTCATCAGGCCG). The 5′ and 3′ components of Cx43
were ligated simultaneously into the EcoRI and ApaI sites of pCDNA3
using the EcoRI–BamHI fragment of pCDNA3Cx43D263Myc and the
BamHI–ApaI PCR product.
Yeast two-hybrid screening
The entire carboxy-terminal cytosolic domain of Cx43 (Figure 1a) was
cloned into pMD4 (see above) and used as bait in screening a human
testis cDNA library in pVP16, according to earlier described 
procedures [21]. 
Cell culture, transfections, immunoprecipitation, SDS–PAGE
and immunoblotting
Cell culture, transfections by the DEAE–dextran method and immuno-
precipitation in 1% NP40/0.25% DOC lysis buffer were performed as
described before [5]. Antibodies (anti-Cx43, Transduction labs; anti-
ZO-1, Zymed laboratories Inc.; 12CA5 directed against the HA
epitope) were precoupled to protein-A–Sepharose Cl-4B (Pharmacia
LKB Biotechnology Inc.). SDS–PAGE and blotting procedures were
performed as described [5].
Immunofluorescence
Almost-confluent cells were fixed in ice-cold methanol for 30 min
and subsequently stained with primary Cx43 and ZO-1 antibodies.
Secondary antibodies were goat anti-mouse antibody conjugated to
FITC (Zymed) and goat anti-rabbit antibody conjugated to Texas
Red (Molecular Probes Inc.). All antibodies were incubated (1:100)
in PBS/0.05% Triton X-100/1% BSA for 1 h. After washing, cells
were mounted with Vectashield and fluorescence was analysed by
confocal microscopy.
Acknowledgements
We thank Habo Jongsma, David Paul, Alan Fanning and James Anderson
for providing cDNAs, Marielle Hijmans for the cDNA library, Lauran Oomen
for assistance with confocal microscopy, Elles Feiken for help with the two-
hybrid screen, and Alan Lau and Gerben Zondag for discussions. This work
was supported by the Dutch Cancer Society.
References
1. Kumar NM, Gilula NB: The gap junction communication channel.
Cell 1996, 84:381-388.
2. Yeager M, Nicholson BJ: Structure of gap junction intercellular
channels. Curr Opin Struct Biol 1996, 6:183-192.
3. Goodenough DA, Goliger JA, Paul DL: Connexins, connexons, and
intercellular communication. Annu Rev Biochem 1996, 
65:475-502.
4. Kanemitsu MY, Loo LW, Simon S, Lau AF, Eckhart W: Tyrosine
phosphorylation of connexin 43 by v-Src is mediated by SH2 and
SH3 domain interactions. J Biol Chem 1997 272:22824-22831.
5. Postma FR, Hengeveld T, Alblas J, Giepmans BNG, Zondag GCM,
Jalink K, et al.: Acute loss of cell-cell communication caused by G
protein-coupled receptors: a critical role for c-Src. J Cell Biol
1998, 140:1199-1209.
6. Anderson JM, Stevenson BR, Jesaitis LA, Goodenough DA, Mooseker
MS: Characterization of ZO-1, a protein component of the tight
junction from mouse liver and Madin-Darby canine kidney cells.
J Cell Biol 1988, 106:1141-1149.
7. Willott E, Balda MS, Fanning AS, Jameson B, van Itallie C, Anderson,
JM: The tight junction protein ZO-1 is homologous to the
Drosophila discs-large tumor suppressor protein of septate
junctions. Proc Natl Acad Sci USA 1993, 90:7834-7838.
8. Itoh M, Nagafuchi A, Yonemura S, Kitani-Yasuda T, Tsukita S, Tsukita
S: The 220-kD protein colocalizing with cadherins in non-
epithelial cells is identical to ZO-1, a tight junction-associated
protein in epithelial cells: cDNA cloning and immunoelectron
microscopy. J Cell Biol 1993, 121:491-502.
9. Beatch M, Jesaitis LA, Gallin WJ, Goodenough DA, Stevenson BR:
The tight junction protein ZO-2 contains three PDZ (PSD-
95/Discs-Large/ZO-1) domains and an alternatively spliced
region. J Biol Chem 1996, 271:25723-25726.
10. Saras J, Heldin CH: PDZ domains bind carboxy-terminal
sequences of target proteins. Trends Biochem Sci 1996, 
21:455-458.
11. Fanning AS, Anderson JM: Protein-protein interactions: PDZ
domain networks. Curr Biol 1996, 6:1385-1388.
12. Ranganathan R, Ross EM: PDZ domain proteins: scaffolds for
signaling complexes. Curr Biol 1997, 7:R770-R773.
13. Songyang Z, Fanning AS, Fu C, Xu J, Marfatia SM, Chishti AH, et al.:
Recognition of unique carboxyl-terminal motifs by distinct PDZ
domains. Science 1997, 275:73-77.
14. Furuse M, Itoh M, Hirase T, Nagafuchi A, Yonemura S, Tsukita S:
Direct association of occludin with ZO-1 and its possible
involvement in the localization of occludin at tight junctions. J Cell
Biol 1994, 127:1617-1626.
15. Guerrier A, Fonlupt P, Morand I, Rabilloud R, Audebet C, Krutovskikh
V, et al.: Gap junctions and cell polarity: connexin32 and
connexin43 expressed in polarized epithelial cells assemble into
separate gap junctions, which are located in distinct regions of
the lateral plasma membrane domain. J Cell Sci 1995, 
108:2609-2617.
16. Toyofuku T, Yabuki M, Otsu K, Kuzuya T, Hori M, Tada M: Direct
association of the gap junction protein connexin-43 with ZO-1 in
cardiac myocytes. J Biol Chem 1998, 273:12725-12731.
17. Tsunoda S, Sierralta J, Sun Y, Bodner R, Suzuki E, Becker A, et al.: A
multivalent PDZ-domain protein assembles signalling complexes
in a G-protein-coupled cascade. Nature 1997, 388:243-249.
18. Brakeman PR, Lanahan AA, Roche K, Barnes CA, Huganir Rl, Worley
PF: Homer, a novel PDZ protein selectively binds PI-linked
metabotropic glutamate receptors. Nature 1997, 386:284-288.
19. Hall RA, Premont RT, Chow CW, Blitzer JT, Pitcher JA, Claing A, et
al.: The beta2-adrenergic receptor interacts with the Na+/H+-
exchanger regulatory factor to control Na+/H+ exchange. Nature
1998, 392:626-630.
20. Balda MS, Anderson JM, Matter K: The SH3 domain of the tight
junction protein ZO-1 binds to a serine protein kinase that
phosphorylates a region C-terminal to this domain. FEBS Lett
1996, 399:326-332.
21. Gebbink MF, Kranenburg O, Poland M, van Horck FP, Houssa B,
Moolenaar WH: Identification of a novel, putative Rho-specific
GDP/GTP exchange factor and a RhoA-binding protein: control of
neuronal morphology. J Cell Biol 1997, 137:1603-1613.
934 Current Biology, Vol 8 No 16
